The centrosome, an organelle that functions as the major microtubule-organizing center, plays an essential role in the formation of the mitotic spindle and guiding accurate chromosome segregation. Centrosome aberrations are frequently associated with various forms of human cancers and it is thought that defects in this organelle contribute to genomic instability and malignant transformation. We recently identified and characterized a centrosome-localized protein complex that is comprised of Su48 and Nde1. Disruption of the normal function of these proteins leads to abnormal cell division. To extend our understanding of how this protein complex operates, we sought to identify Nde1-interacting molecules by the yeast two-hybrid screening method. Here, we demonstrate that both Nde1 and Su48 can associate with p78/MCRS1, a protein implicated in cancer development. We found that, whereas the majority of p78 localizes to the nucleus as reported in earlier studies, a fraction of the p78 protein can be detected in the centrosome. Moreover, we determined that a region containing the forkhead-associated domain of p78 is involved in association with Nde1 and Su48, as well as in centrosomal localization. We also provide evidence that the association between p78 and Nde1 is regulated by phosphorylation on Nde1. Furthermore, abrogation of the endogenous p78 function by small interfering RNA knockdown causes cell death and a modest delay in mitosis. These results indicate that a subset of the p78 proteins comprises a component of the centrosome and that p78 is essential for cell viability.
Introduction
The centrosome acts as the major microtubule-organizing center in mammalian cells and modulates the formation of a dynamic microtubule network that is critical for cell division, intracellular transportation and establishment of polarity during development (Salisbury et al., 1999; Doxsey, 2001; Nigg, 2002; Wang et al., 2004) . Each cell has one copy of a centrosome during the interphase of cell division. The centrosome is duplicated once in the S phase and, at the onset of mitosis, the centrosome pair forms separate poles of the bipolar mitotic spindle. The cells that acquire centrosome abnormalities have a high tendency to form monopolar or multipolar spindles, which is believed to cause chromosome instability and aneuploidy. Indeed, centrosomal alterations, in the form of amplification or structural disorganization, are found in a large variety of human cancers and at the early stages of tumorigenesis (Lingle et al., 1998; Pihan et al., 1998; Sato et al., 1999) . These observations have lead to the proposition that centrosome aberrations contribute to progressive development of malignant transformation (Pihan et al., 2001; Shono et al., 2001) .
Each centrosome consists of a pair of centrioles surrounded by a massive protein ensemble known as the pericentriolar material (PCM). The PCM proteins play an important role in controlling centrosome duplication and modulating its functions. For example, the gTubulin ring complex is embedded in the PCM and plays an essential role in microtubule organization and spindle assembly (Moritz et al., 1995 (Moritz et al., , 1998 Zheng et al., 1995; Schnackenberg et al., 1998; Paluh et al., 2000; Strome et al., 2001; Prigozhina et al., 2004) . Although the list of centrosome proteins has expanded in recent years, most of the true constituent proteins remain to be identified and characterized as functional protein components of the centrosome. In particular, little is known about how the subunits of the centrosome are assembled.
In order to improve our understanding of the protein interaction network within the centrosome, we employed an approach that combines the yeast two-hybrid screening method with co-immunoprecipitation analysis. In recent studies, we characterized a novel centrosome protein complex that includes Su48 and Nde1, which are to be reported elsewhere. Of note, Nde1 is one of the nuclear distribution genes (Nud) and plays a role in dynein-mediated intracellular transportation along the microtubule network. In mammalian cells, Nde1 and its homolog protein Ndel1 can directly interact with cytoplasmic dynein, a microtubule-dependent motor protein (Niethammer et al., 2000) . Nde1 can also associate with Lis1, which binds to dynein and dynactin and plays an important role in brain development (Efimov and Morris, 2000; Faulkner et al., 2000; Feng et al., 2000; Niethammer et al., 2000; Sasaki et al., 2000) . In Nde1 knockout mice, loss of Nde1 functions disrupts assembly of the mitotic spindle and affects chromosome segregation (Feng and Walsh, 2004) .
To extend the interaction map of the centrosomal protein complex, we performed yeast two-hybrid screens initially to identify proteins that can associate with Nde1. We found that Nde1 can interact with p78/ MCRS1 (also known as MSP58 or TOJ3). p78 has been implicated in cell proliferation and transformation. For example, p78 can induce anchorage-independent growth (Bader et al., 2001; Okumura et al., 2005) . In addition, expression of p78 appears to fluctuate throughout the cell cycle (Bruni and Roizman, 1998; Song et al., 2004) . Furthermore, a number of earlier studies indicated that p78 can interact with proteins that are involved in oncogenesis, such as the v-Jun oncoprotein and the telomerase-inhibitory protein LPTS/PinX1 (Bader et al., 2001; Song et al., 2004) .
In the current study, we examined the association between p78 and Nde1 and identified the structural subdomains involved in forming the protein ensemble. Moreover, we demonstrate that the p78-Nde1 association is affected by phosphorylation. In particular, we found that in addition to its localization to the nucleus, p78 can also be identified as a centrosomal constituent. Finally, we investigated the functions of p78 by RNA interference. These studies identified a protein ensemble in the centrosome and revealed that p78 is essential for cell viability.
Results
Identification of p78/MCRS1 as an Nde1-binding protein In order to identify Nde1-interacting proteins, we performed yeast two-hybrid screen using the full-length human Nde1 as the bait. One of the isolated candidate genes was identified as p78/MCRS1, a gene implicated in malignant transformation (Bader et al., 2001; Okumura et al., 2005) .
We performed co-immunoprecipitation analysis to determine whether Nde1 can associate with p78 in vivo. The 293T cells were transfected with the FLAG-tagged Nde1 in combination with either the myc-tagged p78 plasmid or a control plasmid. The cell lysates were subjected to immunoprecipitation using the anti-FLAG antibody M2. We found that myc-p78 can be coprecipitated with FLAG-Nde1, which indicates that Nde1 can indeed bind p78 in 293T cells (Figure 1,  lane 1) . In addition, the Nde1 homolog, Ndel1, also co-precipitated with p78 with comparable affinity (Figure 1, lane 3) .
Because Nde1 is localized to the centrosome, we investigated whether p78 can also be targeted to this organelle. To this end, we created a green fluorescent protein (GFP)-p78 fusion construct and examined its distribution in U2OS cells by fluorescence microscopy. Consistent with previous reports, we found that GFPp78 is predominantly concentrated in the nucleus (Figure 2a ). However, a fraction of p78 co-localized with the centrosome-localized protein g-Tubulin (Figure 2a ). This observation was confirmed by the detection of FLAG-p78 in the centrosome by immunostaining using the anti-FLAG antibody (Figure 2b) . Furthermore, FLAG-p78 also co-localized with GFPNde1 to the centrosome (Figure 2b) . Notably, GFP-P78 can be detected on the poles of the spindle from prometaphase to telophase (Figure 2c ). Taken together, these results indicate that, in addition to its localization to the nucleus, p78 is also targeted to the centrosome.
Identification of the Nde1 region involved in association with p78
We next identified the structural features involved in Nde1-p78 interaction. Nde1 contains an N-terminal coiled-coil domain and a C-terminal NDE1 conserved domain (NudE-C). Previous studies demonstrated that the coiled-coil domain encompasses a region that is required for binding to Lis1 (Feng et al., 2000) . The To map the Nde1 region involved in binding to p78, we constructed a series of deletion mutants of Nde1 and tested their abilities to bind p78 by coimmunoprecipitation analysis. We found that deletion of the C-terminus of Nde1 abolishes the interaction with p78 ( Figure 3a and c). In contrast, the mutant Nde1D3, which has a large truncation of the coiled-coil domain, retains the ability to bind to p78 ( Figure 3 ). Our results indicate that the C-terminal region of the Nde1, between amino-acid residues 176 and 335, is sufficient for association with p78. The N-terminal coiled-coil domain, in contrast, is not involved in forming the complex. , all the potential phosphorylation sites by Cdc2 were replaced with the glutamic acid residues, which in theory mimic the effect of phosphorylation. By co-immunoprecipitation analysis, we found that Nde1 6mt can associate with p78 more efficiently than the wild-type protein ( Figure 3b ). In contrast, Nde1 6pmt loses the ability to bind p78 ( Figure 3b ). Thus, phosphorylation on one or all of the six sites of Nde1 creates an inhibitory effect on p78-Nde1 interaction.
Effects of

Identification of the p78 region involved in binding to Nde1
To map the p78 region required for association with Nde1, we generated a series of p78 deletion mutants ( Figure 4b ) and assessed their abilities to bind Nde1 by the co-immunoprecipitation approach described earlier. Notably, p78 contains an Forkhead associates (FHA) domain and a short coiled-coil motif in the C-terminus. We found that co-precipitation of p78 with Nde1 is dependent on a small region that includes the FHA domain (Figure 4) . Moreover, the C-terminal region that contains both the FHA domain and the coiled-coil motif is sufficient for binding to Nde1 (Figure 4 ). Co-localization of p78 and Nde1. U2OS cells were transfected with GFP-Nde1 and FLAG-p78. Cells were stained with the anti-FLAG antibody and DAPI. Green: GFP-Nde1; red: FLAG-p78; blue: DAPI. (c) p78 is localized to the spindle poles in mitosis. U2OS cells were transfected with GFP-p78. Cells were stained with DAPI and analysed by fluorescence microscopy. Green: GFP-p78; blue: DAPI.
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We also evaluated the subcellular localization of the p78 deletion mutants. The mutant p78D1, which lacks the FHA domain, cannot be localized to the centrosome ( Figure 4 ). However, its localization to the nucleus was not affected (Figure 4 ). In contrast, p78D4, the mutant that bears a deletion in the C-terminus but retains both the intact FHA domain and the coiled-coil structure, can be targeted to the centrosome but not to the nucleus. Thus, we conclude that the N-terminus of p78, which possibly contains a nuclear localization signal, is required for nuclear localization. The C-terminal region that encompasses the FHA domain is required for centrosomal localization of p78.
p78 associates with Su48
Our finding that Nde1 can associate with both p78 and Su48 led us to examine whether p78 can also associate with Su48. We used a deletion mutant of Su48 (i.e. Su48D9) in this study because this deletion mutant appears to be more stable than the full-length protein.
By immunoprecipitation analysis, we found that Su48 can indeed be co-precipitated with p78 ( Figure 5 ). In addition, similar to the p78-Nde1 interaction, the association between p78 and Su48 also requires the Cterminal portion that includes the FHA domain ( Figure 5 ).
Effects of p78 knockdown on HeLa cells
To reveal the role of p78 in mitosis, we ablated the function of p78 in HeLa cells by the small interfering RNA (siRNA) technique. Because the available anti-p78 antibodies are not available for the detection of the endogenous p78 protein, we assessed the effectiveness of the siRNA knockdown in a HeLa cell line that has stable expression of FLAG-p78. The siRNA duplex designed to target p78 effectively reduced FLAG-p78 levels, whereas the control siRNA did not cause similar effects ( Figure 6a ). As internal control, the endogenous actin levels were not changed by transfection of siRNA duplex (Figure 6a ). We obtained similar results with three duplex (p78 siRNA-1, siRNA-2 and siRNA-3), which target three different regions of p78 ( Figure 6a and Supplementary Information).
To determine the effects of the p78 knockdown on cell proliferation, we introduced p78 siRNA-1 duplex into HeLa cells. This p78-targeting siRNA duplex inhibited cell proliferation (Figure 6b ). In addition, we observed a significant number of dead cells 48 h after transfection ( Figure 6c and d and Supplementary Information). Moreover, following transfection of p78 siRNAI, the percentage of cells in the G2/M phase of the cell cycle Figure 3 Analysis of the p78-Nde1 association. (a) The Cterminal region of Nde1 is involved in binding to p78. The 293T cells were transfected with myc-p78 and a series of FLAG-tagged Nde1 deletion mutants. The cell lysates were subjected to immunoprecipitation using the anti-FLAG antibody M2, followed by Western blotting using either the anti-myc (top panel) or anti-FLAG antibody (middle panel). The horseradish peroxidase (HRP)-conjugated anti-mouse immunoglobulin (Ig) antibody was used as the secondary antibody. IgG HC: IgG heavy chain. The protein level of myc-p78 was also examined with Western blot using the anti-myc antibody (bottom panel). (b) Mutagenesis of Nde1 phosphorylation sites affects Nde1-p78 interaction. The 293T cells were transfected with myc-p78 and FLAG-tagged Nde1 mutants, Nde1 6mt or Nde1 6pmt
. The cell lysates were subjected to immunoprecipitation using the anti-FLAG antibody M2. The proteins bound to the antibody were analysed by Western blotting using either the anti-myc (top panel) or anti-FLAG antibody (middle panel). The HRP-conjugated anti-mouse Ig antibody was used as the secondary antibody. IgG HC: IgG heavy chain. The myc-78 protein in the cell lysate was assessed by Western blotting using the anti-myc antibody (bottom panel). (c) Schematic representations of the Nde1 constructs used in the study. Note that Nde1 contains N-terminal coiled-coil domain and C-terminal NDE1-C domain. The six putative Cdc2 phosphorylation sites in NDE1-C domain were indicated with arrowheads.
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Y Hirohashi et al increased from 8 to 15%, which suggests that progression through the cell cycle is delayed at this stage. To substantiate the possibility of a G2/M delay, we evaluated the distribution of cells in each stage of mitosis by fluorescence microscopy. We found that knockdown of p78 increases the percentage of cells in prometaphase and decreases that in metaphase (Figure 6e ). Collectively, our results indicate that p78
is essential for cell viability and it plays a critical role in mitosis and in particular the transition from the prometaphase to the metaphase segment of the mitotic process.
To investigate the possible role of p78 in the centrosome, we assess the effects on centrosome number in the cell upon p78 RNA interference. Specifically, the number of cells with normal (1 or 2) or abnormal (>2) numbers of centrosomes was recorded. We found that ablation of p78 moderately reduce the number of cells that harbor multiple centrosomes (Figure 6f) . However, attenuation of p78 function does not seem to perturb centrosome duplication (data not shown).
Although it has been reported that overexpression of p78 can cause anchorage-independent growth and transformation (Bader et al., 2001; Okumura et al., 2005) , the definitive role of p78 in cell proliferation has not been documented. We therefore examined whether overexpression of p78 affects cell proliferation or the number of centrosome in the cell. We established a HeLa cell line that acquires stable expression of ectopic p78. Compared with the cells transfected with the control empty vector, this cell line proliferates significantly more rapidly (Figure 7a ) and a large percentage of cells harbor more than two centrosomes per cell (Figure 7b ).
Discussion
Here, we demonstrate that a fraction of p78 is localized to the centrosome and can form a complex with both Nde1 and Su48. Moreover, we provide evidence to support an essential role of p78 in cell division. In particular, we have identified the C-terminal portion of Nde1 as the region involved in forming a complex with p78. This structure spans a region of 160 amino-acid residues. Although the previously identified NudE-C domain overlaps with this region, our results revealed that the binding between Nde1 and p78 is not dependent on NudE-C. Therefore, it is conceivable that the Our results are consistent with the notion that the Nde1-p78 association is regulated by phosphorylation. In a separate study, we established that Nde1 is a phosphoprotein and that mutagenesis of a number of putative phosphorylation sites abolishes phosphorylation of Nde1 by Cdc2 in vitro (Y Hirohashi et al., unpublished results). In this study, we clearly demonstrated that the Nde1 6mt mutant, which is defective in phosphorylation by Cdc2, can bind to p78 more efficiently than the wild-type protein. Notably, the mutant form Nde1 6pmt , which presumably adopts structural features effected by phosphorylation, loses the ability to bind p78. These observations support the prediction that phosphorylation on certain sites of Nde1, possibly mediated by Cdc2, leads to disassociation of the Nde1-p78 complex.
We found that both Nde1 and Su48 bind to a region of p78 that contains the FHA domain. The FHA domain modulates protein-protein interactions and interacts with phosphorylated polypeptides (Sun et al., 1998; Durocher and Jackson, 2002) . However, our studies indicate that phosphorylation on the putative Cdc2-targetd sites of Nde1 appear to have an inhibitory effect on the p78-Nde1 interaction. In earlier studies, we showed that Cdc2 is not the only kinase that can modify Nde1 and that Nde1 can be phosphorylated at sites in addition to the amino-acid residues altered in the Nde1 6mt mutant. Hence, the Nde1-p78 interaction is possibly mediated by as yet unidentified phosphorylation sites on Nde1, which facilitates binding to the FHA domain of p78. Interestingly, the region that encompasses the FHA domain is also required for p78 localization to the centrosome. It is possible that this region contains a unique structure that modulates both the association with Su48/Nde1 and localization to the centrosome. In this scenario, Su48 and Nde1 may compete for the same binding site. Alternatively, either Su48 or Nde1 may form a complex with p78 through indirect interaction. Finally, we also recognize the possibility that the C-terminus of p78 contains discrete subdomains, each responsible for binding to Su48 or Nde1, respectively.
Because the antibodies for Nde1 and p78 are not available, we have not been able to examine the interaction between the endogenous p78 and Nde1 proteins. To date, our analyses of Nde1-p78 interaction have been dependent on co-immunoprecipitation of exogenous proteins overexpressed in mammalian cell lines, which may not reflect interactions under physiological conditions. Nevertheless, we believe that the Nde1-p78 interaction is genuine because both proteins can be localized to the centrosome and the interaction appears to be modulated by phosphorylation. We are currently developing antibodies specific for p78 and Nde1, which will allow us to examine the endogenous Nde1-p78 protein ensemble in more details.
To our knowledge, the evidence presented here is the first to demonstrate that a fraction of the p78 protein can be localized to the centrosome. We confirmed earlier reports of p78 in the nucleus, which account for the possible role of p78 in regulating transcription or telomerase activity (Bruni and Roizman, 1998; Lin and Shih, 2002) . In addition, we have demonstrated that a fraction of p78 can also be targeted to the centrosome and that p78 is a component of a centrosomal protein ensemble.
Furthermore, we have showed that ablation of p78 can influence the supernumerary states of the centrosome in the cell. Therefore, the available data suggest that p78 mediates multiple roles in the cell, including one as a component of the centrosome.
Localization of nuclear proteins to the centrosome has been reported previously. For example, the nuclear protein nucleophosmin/B32 is targeted to the Figure 5 p78 associates with Su48. (a) Co-immunoprecipitation analysis of Su48-p78 interaction. The 293T cells were transfected with HA-Su48D9 in combination with p78 or a series of p78 deletion mutants. The cell lysates were subjected to immunoprecipitation using the anti-myc antibody. Proteins bound to the antibody were analysed by Western blotting using either the antimyc (top panel) or the anti-green fluorescent protein (GFP) antibody (middle panel). The amount of HA-Su48A9 in the cell lysate was assessed by Western blotting using the anti-HA antibody (bottom panel). (b) Schematic representations of the p78 constructs used in the study. The ability of each p78 species to bind to Su48 or to localize to the centrosome is indicated.
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Y Hirohashi et al centrosome in the S phase and may play a role in centrosome duplication (Okuda et al., 2000; Tokuyama et al., 2001) . In addition, a fraction of the BRCA1 protein can be detected on the centrosome, where it is involved in ubiquitination of g-Tubulin (Starita et al., 2004) . Our finding of p78 on the centrosome thus provides yet another example of a nuclear protein modulating certain functions in the centrosome. Given that Nde1 interacts with dynein and controls the cytoplasmic dynein complex (Faulkner et al., 2000) , we propose that the protein complex formed by p78, Nde1 and, perhaps, Su48 may influence dynein-mediated intracellular transport. p78 may represent an element of a protein ensemble that resides in the centrosome and controls the organization of the microtubule network.
Our studies of the function of p78 using the knockdown approach revealed that p78 clearly plays an essential role in the cell. Notably, disruption of p78 function leads to delays in the prometaphase of mitosis. This result is similar to what we observed following RNA interference of Nde1 (Y Hirohashi et al., unpublished results). These observations, combined with the finding of p78-Nde1 interaction, implicate a mechanism by which p78 may regulate centrosome function and play a role in cell cycle checkpoint control. Nud Figure 6 Small interfering RNA (siRNA) knockdown of p78. (a) Analysis of the efficiency to knockdown p78 by siRNA. HeLa cells with stable expression of FLAG-p78 were transfected with either the p78-targeting siRNA or control siRNA duplex. The expression of p78 in the cell was determined by Western blot using the anti-FLAG antibody (upper panel). Actin levels were also examined to confirm that similar amounts of cell lystates were used in the assay (lower panel). (b) Small interfering RNA knockdown of p78 reduces cell proliferation. HeLa cells were transfected with either the p78-targeting or control siRNA duplex. Cell viability was analysed by Trypan blue exclusion assay. (c) Change of cell morphology upon siRNA knockdown of p78. Note that HeLa cells transfected with p78 siRNA are rounded and lifted up in the medium. (d) Ablation of p78 by siRNA causes cell death. HeLa cells were transfected with either the p78-targeting or control siRNA duplex. To evaluate cell death, the cells were stained with propidium iodide and the DNA content of the cells was analysed by FACS. (e) p78 knockdown causes delay in prometaphase phase. HeLa cells were transfected with either the p78-targeting or control siRNA duplex. Cells were stained with 4 0 ,6-diamidino-2-phenylindole (DAPI) and analysed by fluorescence microscopy. The number of cells in each stage of mitosis was counted. (f) Knockdown of p78 by siRNA reduces the percentage of cells with excessive centrosomes. HeLa cells were transfected with either p78 or control siRNA duplex followed by staining with the anti-g-Tubulin antibody and DAPI. The number of cells with more than two centrosomes was counted.
p78/MCRS1 associate with centrosomal protein Nde1 Y Hirohashi et al proteins, including Nde1, NdeM and Lis1, modulate intracellular transportation along the microtubule network, a function essential for neuronal migration and brain development (Feng et al., 2000; Sasaki et al., 2000) . More recently, it was reported that both Nde1 and Ndel1 are involved in modulating the translocation of Bub1 from the kinetochore to the spindle poles (Yan et al., 2003) . It has been postulated that this dynamic pattern of re-distribution of the checkpoint regulators, including Mad1, Mad2 and Bub1, couples with the checkpoint control for the initiation of chromosome segregation and mitotic exit (Howell et al., 2000 (Howell et al., , 2004 . It is, therefore, possible that interference with the p78-Nde1 complex by siRNA knockdown may affect chromosome alignment and thereby activates a mitotic checkpoint.
Although it has been shown that overexpression of p78 can induce anchorage-independent growth in embryonic fibroblast cells (Bader et al., 2001; Okumura et al., 2005) , the molecular mechanisms involved in this process are not clear. Recent identification of proteins that binds to p78 has provided insights on how p78 may contribute to progression of malignant transformation. For example, it has been reported that the PTEN tumor suppressor molecule can physically associate with p78 and inhibit its transformation potency (Okumura et al., 2005) . In this respect, it is likely that PTEN acts upstream of p78 in the signaling pathway. Moreover, a number of earlier studies demonstrated that p78 can interact with proteins that are involved in oncogenesis, including the v-Jun oncoprotein and the telomeraseinhibitory protein LPTS/PinX1 (Bader et al., 2001; Song et al., 2004) . Consistent with the role of p78 in promoting anchorage-independent growth, we found that overexpression of p78 increases transfected cell growth and proliferation rates. More importantly, our finding of the linkage between p78 and its location in the centrosome raises the possibility that p78 abnormalities may also contribute to transformation by causing centrosome dysfunction.
Centrosome abnormalities have been associated with a large variety of human cancers. Because of the defining role of the centrosome in the formation of spindle, cells that acquire multiple centrosomes have the tendency to form multipolar spindle, which cause unequal distribution of the chromosomes to the progeny cells during mitosis. Interestingly, we found that knockdown of p78 by RNA interference reduces the percentage of cells with multiple centrosomes. Similar results were observed in previous studies of Nde1-ablated cells (Y Hirohashi et al., unpublished results) . To date, we have only performed these studies in HeLa cells, where the incidence of cells with multiple centrosomes is relatively low. Nevertheless, the effect of p78 knockdown on centrosome supernumerary levels is statistically significant and compelling.
It remains to determine how ablation of p78 leads to reduction of centrosome numbers in these cases. One possibility is that the number of centrosomes decreases as a result of centrosome clustering. Centrosome clustering, a biological process in which two or more centrosomes aggregate and form a single microtubule-organizing center, was first described in early cell fusion studies (Engel et al., 1969a, b) . In a more recent report, it was found that the proper localization of dynein on the mitotic spindle can influence centrosome clustering and the formation of multipolar spindles (Quintyne et al., 2005) . Perhaps, p78 and Nde1 are involved in centrosome clustering by association with dynein. Alternatively, the change of centrosome number in p78-ablated cells could result from cell death. Future experiments will be performed to define these possibilities.
In conclusion, we have identified p78 and Nde1 as a component of the centrosomal protein ensemble. The assembly of this protein complex is likely regulated by serine/thronine-directed phosphorylation. Furthermore, our data indicate that p78 is essential for cell viability and its overexpression promotes cell proliferation. These studies represent the first steps in the characterization of a centrosomal protein complex consisting of Nde1, Su48 and p78. Clearly, the development of specific p78 antibodies and identification of additional associating proteins will be of importance to elucidate the role of p78 in centrosome functions and malignant transformation. 
Materials and methods
Cells, plasmid construction and antibodies
The human embryonic kidney 293T cells, human cervical cancer HeLa cells and the human osteosarcoma U2OS cells were cultured in Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum. The myc-tagged p78, GFP-tagged p78 and FLAG-tagged Nde1 or Ndel1 were constructed in pcDNA3.1( þ ) (Invitrogen, Carlsbad, CA, USA). The mutant forms of Nde1, Nde1 6mt and Nde1 6pmt , were created as described elsewhere (Y Hirohashi et al., unpublished results). The deletion mutant Su48D9 contains amino-acid residues 1-315 of Su48.
The following antibodies were used in this study: monoclonal anti-GFP antibody (Roche Applied Science, Indianapolis, IN, USA), monoclonal anti-FLAG antibody M2 (Sigma, St Louis, MO, USA), the monoclonal anti-myc antibody 9E10 (Cell Center at the University of Pennsylvania, Philadelphia, PA, USA), the horseradish peroxidase (HRP) conjugated anti-mouse immunoglobulin antibody (Amersham Biosciences, Piscataway, NJ, USA) and the HRP-conjugated anti-mouse kappa light-chain antibody (Zymed Laboratories, South San Francisco, CA, USA).
Yeast two-hybrid screen The yeast two-hybrid screening method was carried out as described previously (Wang et al., 1998) . The full-length human Nde1 cDNA was subcloned into pGBT9 (BD Biosciences Clontech, Palo Alto, CA, USA) to generate an in-frame fusion with the Gal4 DNA-binding domain. The resulting plasmid was transformed into the yeast strain HF7c and was used to screen a HeLa cell cDNA expression library constructed in the pGAD-GH vector (BD Biosciences Clontech).
Immunoprecipitation and Western blot
One million 293T cells were transfected using the FuGene6 reagent (Roche Applied Science). Two days after transfection, cell lysates were prepared in the NP-40 lysis buffer (120 mM NaCI, 25 mM Tris-HCI (pH ¼ 7.4), 0.5% NP-40) supplemented with a protease inhibitor cocktail (Roche Applied Science). Following centrifugation, the supernatant was subjected to immunoprecipitation using either the anti-FLAG or anti-HIS antibodies combined with Protein-G agarose beads (Invitrogen). The proteins bound to the beads were separated by sodium dodecyl sulfate-polyacrylamide gel electorphoresis and subjected to Western blot analysis.
Immunofluorescence microscopy Cells seeded on cover glass were fixed in Buffer 1 (3% paraformaldehyde in phosphate-buffered saline (PBS)) at room temperature for 10 min, followed by a 2-min permeablization process in Buffer 2 (0.5% Triton X-100 in 20 mM HEPES, pH 7.5, and 50 mM NaCI, 3 mM MgCl 2 ). For gTubulin staining, cells were fixed in methanol for 5 min following incubation with 3% paraformaldehyde. The cells were then placed in blocking Buffer 3 (Buffer 2 with 0.1% Triton X-100 and 2% bovine serum albumin) for 15 min, incubated with the primary antibody in Buffer 3 for 30 min and washed four times with Buffer 2. After incubation with the secondary antibody and subsequent washes, the cells were mounted in VectorShield medium containing 4 0 ,6-diamidino-2-phenylindole (Vector Laboratories, Burlingame, CA, USA). The slides were analysed by fluorescence microscopy (Leica DMIRBE inverted microscope and Openlab 3.1.4 software).
Small interfering RNA knockdown
The siRNA oligonucleotides were synthesized and purified using the Silencer siRNA construction kit (Ambion Inc., Austin, TX, USA). Briefly, the DNA oligonucleotide duplex were produced based on the sequence in three different regions of p78. The sequences of the oligos are as follows: siRNA1 antisense: AAGGAACTCTACCTTAAAACCCC TGTCTC; siRNA1 sense: AAGGTTTTAAGGTAGAGTTCCCC TGTCTC; siRNA2 antisense: AATCCCACCATTTCTCTACTTCCT GTCTC; siRNA2 sense: AAAAGTAGAGAAATGGTGGGAC CTGTCTC; siRNA3 antisense: AAGAAGTTCGATGATGAGCTGCC TGTCTC; siRNA3 sense: AACAGCTCATCATCGAACTTCCC TGTCTC.
The T7 promoter (5 0 -CCTGTCTC-3 0 ) was added to the 5 0 -end of either the sense or the antisense strand of DNA, whereas the sequence complementary to the T7 promoter was added to the 3 0 -end. The annealed DNA duplex was used as template to produce the sense or antisense single-strand RNA, respectively. The sense or antisense single-strand RNA were then mixed and annealed to produce the double-stranded RNA. A single-strand specific ribonuclease and DNase were used to remove the 5 0 -overhanging leader sequence and the DNA template in the mixture. The resulting siRNA duplex was purified and used for transfection. Cells were transfected using siPORT Lipid (Ambion Inc.) and analysed 1-3 days afterwards.
Flow cytometry analysis
To analyse the DNA content, cells were stained in PBS containing 60 mg/ml propidium iodide (Sigma) and 10 mg/ml RNase (Roche Applied Science) for 30 min at 41C. Cell cycle analysis was performed using a Becton Dickinson fluorescence-activated cell analyzer and the CellQuest version 1.2 software (Becton Dickinson Immunocytometry Systems, Mansfield, MA, USA). At least 10 000 cells were analysed for each sample. The percentage of cells in each stage of the cell cycle was modeled using the ModFit LT version 3.1 Software (Verity Software House Inc., Topsham, ME, USA).
